Vibro-acoustic modulation-based damage identification relies on the modulation of a high-frequency carrier signal by an intenser low-frequency vibration signal due to damage-induced structural nonlinearities. A time domain analysis of the vibro-acoustic modulation phenomena was presented at multiple spatial locations in an impact damaged composite skinstiffener structure. The instantaneous amplitude and frequency of the carrier velocity response were extracted to analyze the intermodulation effects between the two excitation signals. Increased amplitude modulations at the damaged region revealed the presence, location, and length of the skin-stiffener damage. The damage hardly modulated the frequency of the carrier response. This difference in behavior was attributed to the nonlinear skin-stiffener interaction introduced by the periodic opening and closing of the damage, according to earlier research by authors on the same structure. A parametric study showed that the amplitude and phase of the amplitude modulation are dependent on the selected carrier excitation frequency, and hence the high-frequency wave field that is introduced. This work demonstrates not only the potential but also the complexity of the vibro-acoustic modulation based damage identification approach.
Introduction

Background and motivation
Composite materials can exhibit complex types of damage, such as transverse cracks and delaminations. These damage scenarios can severely influence the structural performance of a component, and hence tremendously decrease its service life. Periodic inspections are required to ensure the integrity of a component during its lifetime. A wide range of technologies can be employed for damage identification purposes.
1,2 Some of these technologies utilize the change in structural dynamic characteristics as an indicator for damage. The low-frequency structural vibration-based approaches generally allow for a relatively easy interpretation of the measured responses, have the ability to analyze complex structures, and do not necessarily require the structure to be readily accessible. 3 Drawbacks are, however, the limited sensitivity compared to higher frequency approaches and the number of required sensors in case the standing wave patterns need to be described. 4 Traditional vibration-based methods often rely on linear system descriptions, 5 while more recent work also features the nonlinear dynamic effects introduced by local defects. 6, 7 Despite various successful applications of classical linear methods, 8 researchers state the potential benefits in terms of sensitivity [9] [10] [11] and environmental robustness 12, 13 involved in the 1 monitoring of nonlinear dynamic effects. Frequently used nonlinear features for the identification of damage are the generated sub-/higher harmonics in the structural response, waveform distortions, frequency shifts as a function of the excitation amplitude, coherence functions, and so on. 5, 7 All these methods rely on the principle that the level of nonlinearity in the acoustic response of materials containing structural damage is greater than in materials with no structural damage.
Vibro-acoustic modulation concept
A recently introduced nonlinear approach that has been shown to be sensitive to the severity of damage in geometrically complex structures is the nonlinear vibroacoustic modulation (VAM) method. 10, 14, 15 This approach relies on the modulation of a high-frequency ultrasonic wave (''carrier'') by a more intense lowfrequency vibration (''pump''). This modulation occurs in the presence of structural nonlinearities, as schematically illustrated in Figure 1 . Both excitation signals are applied to the structure simultaneously. The pump signal with frequency f p excites the structure and any nonlinearity, while the more sensitive carrier signal at a frequency f c is used to analyze the potential intermodulation effects. A linear structural response, illustrated in Figure 1 (b), will be the combination of its response to each of the signals individually. The associated Fourier spectrum presented in Figure 1 (d) will therefore only Figure 1 . A schematic illustration of the vibro-acoustic modulation concept. Two harmonic excitation signals (a) are simultaneously applied to the system. A linear system response (b, d, and f) will be the superposition of its response to each of the signals individually. The high-frequency system response (c) is modulated (e and g) by the low-frequency pump excitation in case nonlinearities are present in the system. exhibit the two fundamental frequency components. In the presence of nonlinearities, the system response does not consist anymore of the linear superposition of the fundamental responses. The two signals interact in such a way that the carrier signal is modulated by the pump signal in amplitude, frequency, or both amplitude and frequency (Figure 1(c) ). The Fourier spectrum of the response signal reveals additional components, higher harmonics (nf p and nf c , with n ¼ 1; 2; 3; . . .), and sidebands (f c þ nf p and f c À nf p , with n ¼ 1; 2; 3; . . .) around the high-frequency component, as shown in Figure 1(e) .
Despite the fact that many studies showed that the amount of modulation is correlated to the severity of the damage, 16 the underlying physical phenomena of the modulations are still not well understood. The main difficulty concerns the diversity of the nonlinear phenomena originating at several material length scales (micro-, meso-, and macroscopic) combined with the fact that similar nonlinear effects in an acoustic response can be a result of different physical phenomena. This consequently hampers the separation of these underlying phenomena. Initially, researchers claimed that the modulations are created by changes in the contact area at the damage interface caused by the pump signal. 17 Studies by Zaitsev and Sas 15 and Klepka et al., 14 however, revealed that modulation can occur even when the cracks are not being opened fully by the pump signal. They concluded that energy dissipationbased phenomena at the damaged area constitute the major mechanism behind the modulations.
Regardless of the exact physical phenomena that cause the nonlinear modulations, it has been demonstrated that a VAM-based approach can be employed to detect defects in a wide variety of structures ranging from aluminum beams and plates, 18, 19 bolt connections, 20 to geometrically more complex structures such as metallic automotive and aircraft subcomponents. 10, 21 The amount of work focused on composite materials is, however, rather limited. 16, 22 The majority of current VAM-based investigations rely on Fourier-transformed responses obtained at one or a few measurement points. 16, [22] [23] [24] The sideband amplitudes of the carrier frequency are monitored to detect and track the progression of damage. Limitations of this approach are, first, the fact that the sidebands are represented by sharp peaks, while the frequency resolution is often limited. Consequently, it is rather difficult to obtain an accurate estimation of the amplitude of the sidebands. Second, the sideband amplitudes can be the combined result of two phenomena, amplitude and frequency modulations. 25 Analyzing only the sideband amplitudes is insufficient to separate these effects and hence complicates the understanding of the modulation phenomena.
Alternative methods are required to overcome these difficulties. Nearly, all studies regarding VAM are limited to one or a few measurement points. The spatial dependency of the modulations has hardly been investigated. Consequently, these studies are mainly focused on detection and quantification of defects, rather than on localizing them.
Objective and outline
The objective of this research is to analyze whether the VAM method can be utilized to detect the presence, localize, and estimate the size of impact damage in a composite skin-stiffener structure. The work further aims to provide a better understanding of the modulation phenomena by identifying the dominant parameters involved in the modulations. For these purposes, a time domain analysis of the VAM phenomena at multiple spatial locations is presented. This approach is an alternative to the commonly considered sideband amplitudes at a single measurement point. The presented work intends, from a broader perspective, to contribute to the development of enhanced methods for the identification of damage in advanced composite structures.
This article starts with a basic theoretical description in the next section to explain the VAM effect. The development of the sideband components is demonstrated based on a nonlinear single-degree-of-freedom system. This is followed by a description of the experimental set-up and procedures in section ''Experimental work.'' This work concentrates on the same composite specimen and set-up as was utilized in earlier research by the present authors. 26 Only the damaged structure was considered in the analysis. The low-frequency pump excitation was applied by a shaker, while a piezoelectric diaphragm was used to simultaneously apply a high-frequency carrier excitation. A laser vibrometer was utilized to measure the steady-state velocity responses at multiple spatial locations on the structure. The modulated response signals were decomposed to extract the instantaneous amplitude and frequency of the carrier signal. These instantaneous characteristics were used to analyze the VAM phenomena in more detail. The influence of the carrier excitation signal on the measured modulations is then discussed, based on a parametric study. Finally, the conclusions and recommendations for future work are presented.
Theoretical description
A generalized quasi-harmonic nonlinear system 27 where qðtÞ is the displacement as function of time t, v 0 is the natural frequency, and f ðqðtÞ; _ qðtÞÞ is the nonlinear function. This nonlinear function is controlled by the parameter e. For a weakly nonlinear system, the parameter e is considered relatively small such that the solution of this system can be approximated by utilizing a perturbation technique based on a power series 27 qðtÞ ¼ q 0 ðtÞ þ eq 1 ðtÞ þ e 2 q 2 ðtÞ þ Á Á Á ð2Þ
An undamped system containing a quadratic nonlinearity subjected to a two-tone forced excitation is considered in this study to illustrate the modulation effects in the steady-state response. A similar derivation can be followed for other types of nonlinearities. 27 The quadratic nonlinear system is described as follows
where F p and F c are the amplitudes; v p ¼ 2pf p and v c ¼ 2pf c are the frequencies in radians per second (where v p ( v c ); and f p and f c are the phases of, respectively, the pump and carrier excitation signals. Assuming a solution in the form of equation (2) and separating orders of magnitude yields the following set of equations which can be solved recursively. The steady-state solution of equation (4) is as follows
in which
Substituting q 0 ðtÞ into equation (4) and rearranging gives
Following from the nature of the excitation, the response q 1 ðtÞ consists of a linear combination of harmonic components with frequencies equal to 2v p , 2v c , v c À v p , v c þ v p , and a constant term. The fundamental harmonic frequency components v p and v c are added in the case of a first-order approximation of the solution qðtÞ according to equation (2) . The carrier component v c and its associated sidebands (i.e. v c À v p , v c þ v p ) are utilized for damage identification purposes. The system response is therefore analyzed in a narrow frequency band around the carrier frequency v c . Consequently, the first-order steady-state solution of qðtÞ reduces to the narrow band response q bp ðtÞ given by
This analytical solution demonstrates the intermodulation of the carrier response signal with the pump signal. The carrier response is only modulated in amplitude and not in frequency in this case. The response of a system containing another type of nonlinearity may show not only different combinations of harmonics, amplitudes, and phase angles, but can also exhibit both amplitude and frequency modulation effects. A system containing a cubic nonlinearity with respect to displacement (i.e. q 3 ðtÞ) will, for example, show higher harmonic and carrier sideband components that deviate 2nv p (with n ¼ 1; 2; 3; . . .) from the fundamental frequencies v p and v c , while this is nv p for a system with a quadratic nonlinearity (i.e. q 2 ðtÞ). This observation complies with the statements given in Van Den Abeele et al. 10 and Solodov et al. 28 A linear system (i.e. e ¼ 0) does not show amplitude or frequency modulation effects. The response will, in that case, only consist of harmonic components with frequencies equal to v p and v c .
Experimental work
This section introduces the experimental work. The composite skin-stiffener structure will be presented in the first section, followed by a description of the experimental set-up. The last subsection addresses the twostep experimental procedure used to measure the VAM behavior. Only the responses measured at the damaged structure are utilized in the analysis.
Composite skin-stiffener structure
The structure investigated in this study is a thermoplastic skin-stiffener section made by Fokker Aerostructures according to the joining concept explained in Offringa et al. 29 Preformed skin and stiffener laminates are connected by an injection molded filler in a co-consolidation process. The structure is schematically illustrated in Figure 2 . Both the skin and the stiffener are built from 16 individual plies of unidirectional carbon AS4D fiber-reinforced thermoplastic (polyetherketoneketone (PEKK)) material with a [90/0] 4,s lay-up. The filler is made from PEKK and contains 20% short carbon fibers.
The damage analyzed in this study is located at the connection between skin and stiffener. This connection is considered as a safety-critical area due to the high importance of the connection for the structural integrity of the component. Damage was introduced by utilizing a falling weight impact device and applying a repeated impact up to 15 J. The ultrasonic C-scan in Figure 3 reveals damage consisting of a delamination at the interface between the skin and stiffener accompanied by a limited amount of damage between the first and second ply of the skin. Local delaminations were also introduced underneath one of the supports that were used during the impact testing.
Experimental set-up
The set-up and data acquisition systems used for all experiments are schematically illustrated in Figure 4 . The composite structure was freely suspended by an elastic wire, glued to the butt joint, in order to isolate the structure from environmental vibrations. An electromechanical shaker was connected by a stringer and a force transducer to a corner of the structure. The shaker was used to introduce the low-frequency pump waves, while a piezoelectric diaphragm was glued at another corner of the structure to introduce the highfrequency carrier waves. A laser vibrometer, mounted on an x/y traverse system, measured the velocities at different points at the skin of the structure. The measurement points are ordered according to three node lines in y-direction (''Y1,''''Y2,'' and ''Y3''), as shown in Figure 2 . A data acquisition system, controlled by a LabVIEW application, was utilized to simultaneously send the excitation signals and to acquire the force and velocity responses. 
Experimental procedure
The experimental process consisted of two steps: a global dynamic characterization of the skin-stiffener structure followed by the actual VAM experiments. The first step is used to extract the interesting vibrational modes of the structure. The frequencies of these modes are input for the second step to force the structure to vibrate in a distinct deformation pattern during the VAM experiment. Both steps are described in the following subsection.
Initial global dynamic characterization
In the first set of experiments, the global dynamic behavior of the structure is determined in terms of natural frequencies and the frequency-dependent deflection patterns, referred to as operational deflection shapes (ODS). An excitation signal composed of a linear sweep between 150 and 3050 Hz was sent to the shaker. The force response was measured at the fixed excitation point. The velocities were acquired at 51 (3 3 17) points, matching the node lines in Figure 2 . All signals were sent and acquired for 2.62 s at a rate of 50 kHz (2 17 samples). A measurement at each point was repeated 10 times. These time responses were subsequently windowed, Fourier transformed, and averaged to obtain the power spectral densities. The cross-power spectral density S F i v j ðvÞ is divided by the auto-power spectral density of the input force S F i F i ðvÞ to obtain the mobility frequency response functions H F i v j ðvÞ between the fixed point of excitation i and the roving measurement points j according to Richardson. 30 Figure 5 shows the magnitude of the total set of frequency response functions of the damaged structure. Sharp peaks correspond to the natural frequencies of the structure. The bending and torsion dominant ODS of the structure are extracted at the natural frequencies with the help of peak picking. The natural frequencies of the first six bending and torsion dominant ODS of the damaged structure are presented in Table 1 . Note that the first torsion mode was not measured. The natural frequency of this mode is lower than the lowest frequency used in the excitation. Earlier research 8 showed that bending dominant deformations in the yz-plane are more affected by skin-stiffener damage than torsional deformations around the y-axis. This work is, therefore, focused on the VAM effects introduced by the bending dominant ODS.
VAM experiments
The second set of experiments is the actual VAM measurements. Two single-tone harmonic signals with different amplitude and frequency were simultaneously sent to the shaker and the piezoelectric diaphragm. The pump excitation signal introduced by the shaker had a frequency f p corresponding to one of the bending frequencies listed in Table 1 and was varied in strength. The piezoelectric diaphragm was subjected to a weaker 50 kHz ultrasonic excitation signal. The amplitude of this carrier signal A c was kept constant. The carrier frequency f c is chosen in such a way that the carrier sideband components are well separated from the higher harmonics of the pump frequency, but that the highfrequency wave field can still be described by a limited number of measurement points. The shaker excitation force and the velocity response were simultaneously acquired at a sample rate of 1 MHz for 1.05 s (2 20 samples). No averaging was applied. Only the steady-state response is considered in the analysis. The structure vibrates at steady state after the transient (start-up) response has disappeared. A period of 0.8 s was revealed to be sufficiently long for these transient effects to become negligible.
The captured responses are processed by a time domain signal decomposition approach to extract the instantaneous characteristics of the (modulated) carrier response. The signal decomposition procedure is schematically illustrated in Figure 6 and consists of two steps. In the first step, a zero-phase bandpass finite impulse response (FIR) filter in a narrow frequency band around the carrier frequency is applied to separate the carrier response and its potential sidebands from the rest of the system response. Subsequently, the Hilbert transform is applied to this filtered response v bp ðtÞ to extract the instantaneous amplitude A inst ðtÞ (i.e. the signal envelope) and frequency f inst ðtÞ. A description of the Hilbert transform is presented by Feldman 31 and Claerbout. 32 The instantaneous amplitude and frequency reveal whether amplitude and/or frequency modulation effects are present. These instantaneous characteristics are constant in the case of a purely linear system response, but start to oscillate when nonlinearities are present, as was illustrated in Figure 1 . The peak-to-peak values of the oscillations in the instantaneous amplitude and instantaneous frequency, represented by M a and M f , respectively, are used as a measure for the amount of modulation. The results obtained after applying this time domain signal decomposition are presented in the next section and are used to analyze the modulation phenomena in the composite skin-stiffener structure in detail.
Experimental results and discussion
The experimental results are presented in this section. The results obtained for a single measurement point Figure 5 . Magnitude of the frequency response functions for all 51 (3 3 17) measurement points of the damaged structure.
are discussed first, followed by the results obtained for multiple points underneath the stiffener. Possible explanations for the measured results are formulated and discussed. The effect of the underlying dynamic behavior on the measured modulations is addressed in the last subsection.
Response decomposition
The steady-state velocity response vðtÞ of the damaged structure caused by two single-tone harmonic excitation signals is shown in Figure 7 (a). The excitation consists of an intense pump excitation at the fourth bending frequency (f p = 1455 Hz) and a weaker carrier excitation (f c = 50 kHz). The velocity response vðtÞ is measured at location (x,y) = (25,120) mm according to the coordinate system presented in Figure 2 . This point is located at the skin near the skin-stiffener connection and coincides with the damaged region. Low-and highfrequency components can be distinguished in the velocity response. The amplitude of the Fourier spectrum of this response, that is, jV ðf Þj, is shown in Figure 7 (b) and reveals higher harmonic components nf p and multiple carrier sidebands f c 6nf p (with n ¼ 1; 2; 3; . . .). These additional components are indicative of a nonlinear response. The low frequency part of the response matches the nonlinear response that was measured and analyzed in earlier research by Ooijevaar et al. 26 on the same specimen using a single-tone harmonic shaker excitation. The distorted harmonic response of the skin in that study was linked to the opening, closing, and contact phase of the skin-stiffener damage. In this work, however, the high frequency of the response is utilized. The carrier response and its dominant sideband components are separated from the rest of the response by applying a bandpass filter within a f c 6 10 kHz frequency range. The resulting narrow band velocity response v bp ðtÞ is depicted in Figure 7 (c). The oscillating signal envelope clearly indicates that amplitude modulation effects are present.
The nonlinear modulation effects in the bandpass filtered velocity response are extracted by utilizing the Hilbert transform, as was described in section ''VAM experiments.'' The periodic behavior of the instantaneous amplitude A inst ðtÞ and frequency f inst ðtÞ variations in Figure 8 (a) and (b) shows that both amplitude and frequency modulation effects are present. The amount of modulation, represented by the peak-to-peak value, increases for higher amplitude levels of the pump excitation. The dominant frequency of the amplitude and frequency modulation phenomena matches the pump excitation frequency f p = 1455 Hz, as shown in Figure  8 
Spatial results
The same vibro-acoustic measurement is performed at multiple locations at node line ''Y2'' and for multiple pump excitation frequencies. The velocity distribution of the damaged structure when excited by a 1455 Hz pump excitation and a 50 kHz carrier excitation is shown in Figure 9 (a). The local changes in amplitude and phase of the low frequency part of the response are caused by the damaged skin-stiffener interface, as shown in earlier research by authors on the same specimen. 26 The velocity distribution obtained after applying the f c 6 10 kHz bandpass filter is depicted in Figure 9 (b). The local higher amplitudes within region ''I'' and ''III'' nicely correspond to the location and geometry of the skin-stiffener damage. Note that modulations in the amplitude are visible at, for example, y = 0.15 m. The lower amplitudes at the intermediate region ''II'' are due to the fact that the corresponding measurement points are located at a region where the interface between the skin and the injection molded filler is not delaminated over the entire width of the filler. A more detailed comparison between the damage geometry and the bandpass filtered velocity response is presented in Figure 10 . The instantaneous amplitude and frequency of the bandpass filtered velocity distribution are subsequently extracted according to the procedure described in section ''VAM experiments.'' The peak-to-peak values of the oscillations in these instantaneous characteristics, represented by M a and M f , are utilized as a measure for the amount of modulation. Figure 11(a) and (b) shows the results obtained for a pump excitation frequency equal to the fourth bending mode (f p = 1455 Hz) and three pump excitation amplitudes F p . Figure 11 (c) and (d) shows the same results in the case of the sixth bending mode (f p = 2340 Hz). Although the structure exhibits both amplitude and frequency modulation effects over the entire length of the structure, increased amplitude modulation effects are measured at the damaged area. The damage seems to hardly modulate the frequency of the carrier signal. Figure 12 provides a closer look to the bandpass filtered time responses measured at three successive points (i.e. y = 115 mm, y = 120 mm, and y = 125 mm) at the damaged region. The dominant frequency of the amplitude modulation patterns again matches the pump excitation frequency f p . These figures also reveal that the phase of the amplitude modulation can significantly vary between the different measurement points.
The frequency modulation in Figure 11 (b) and (d) shows several higher peaks. These peaks are attributed to a local low amplitude of the fundamental carrier response (e.g. near a nodal point) combined with a relatively large amount of amplitude modulation, almost leading to over-modulation effects. 33 For example, the peak at y = 250 mm in Figure 11(d) . Figure 13 shows that the associated bandpass filtered velocity response is almost fully modulated in amplitude. Consequently, poor estimations of the instantaneous frequency are obtained at the time instances where the envelope of the response approaches zero.
The underlying physical phenomena associated with wave modulations are generally not well understood by researchers. 19, 25 Although the theory presented in section ''Theoretical description'' provides an understanding of the relevant aspects involved, finding a physical explanation for the measured modulation behavior is still rather difficult. It was demonstrated by the present authors in Ooijevaar et al. 26 that the skin-stiffener damage can open and close under a low frequency excitation, but also that the skin can start to behave nonlinearly when the skin and stiffener are approaching each other. The same excitation frequencies and amplitude were used for the pump excitation in the vibro-acoustic experiments. Consequently, the nonlinear skin-stiffener interaction is considered as the most likely reason why the modulation effects develop. Based on this finding, a possible explanation is formulated for the increased amplitude modulations and the hardly modulated frequency of the carrier signal at the damaged region. The applied low-frequency pump excitation signal will change the damage interface conditions. In an ideal situation, the skin-stiffener damage is completely opened and closed by the flexural vibrations of the skin, as schematically illustrated in Figure 14 . During the open state (Figure 14(b) ), the skin at the damaged region is free to vibrate under the simultaneously applied high-frequency carrier wave field. The amplitude of this wave field is, however, expected to be smaller during the closed state ( Figure  14(c) ). As a result, the high-frequency carrier wave predominantly experiences periodic modulations of the amplitude, while the effects on the frequency are expected to be minor. One of the observations that correspond to the behavior that is expected in the case of the periodic opening and closing motion of the damage is the fact that the frequency of the modulations matches with the pump excitation frequency.
Following the explanation illustrated in Figure 14 , the amplitude modulations are expected to be in phase with the low frequency part of the response. This behavior is confirmed for the theoretical description of a single-degree-of-freedom system, as presented in section ''Theoretical description.'' The experimental results, however, revealed that the phase of the amplitude modulation can significantly vary between the different measurement points. The complex geometry of the damage is expected to play a role in the timing of the modulations to develop. The damage, depicted in Figure 3 , is geometrically complex, covers multiple levels, and involves not only the interface between skin and filler, but also the skin and filler itself. This is likely to be one of the reasons, but may not be the only aspect, to explain the variations in the phase. The next section addresses, therefore, a brief parametric study to analyze the effect of the carrier excitation signal on the measured modulations.
Underlying dynamic behavior
The variations in the phase of the amplitude modulation between the measurement points at node line ''Y2'' are studied in more detail by a parametric study. For this purpose, the influence of the carrier excitation signal on the modulation behavior was analyzed. Figure  15 (a) and (b) shows the effect of, respectively, the carrier excitation amplitude F c and the frequency f c on the instantaneous amplitude A inst ðtÞ of the bandpass filtered response. The responses were measured at location (x,y) = (25,120) mm of the damaged structure for a pump excitation frequency equal to f p = 1455 Hz.
An increase in the amplitude of the carrier excitation causes larger amplitude modulations, whereas the phase of the modulation remains unchanged. On the other hand, a change in the carrier frequency, shown in Figure 15 (b), affects both the amplitude and the phase of the amplitude modulation. Even a small shift in the carrier frequency can have a significant effect on the modulation behavior. These results imply that the amplitude and phase of the amplitude modulation are highly dependent on the high-frequency wave field that is introduced by the selection of the carrier excitation frequency.
Yoder and Adams 12 found that there is a strong correlation between the amplitude of the carrier sidebands and the magnitude of the underlying spectral response of the damaged structure. They state that the amount of modulation is directly related to the high frequency underlying dynamic behavior of the structure. A sideband will, for example, increase in amplitude if the frequency of the sideband coincides with a resonance Figure 14 . A simplified and schematic explanation of the (a) carrier modulation principle introduced by the periodic opening and closing of the damage under an intense low-frequency pump excitation. In the (b) open state, the skin is free to vibrate, whereas the carrier amplitudes are compressed in the (c) closed situation.
frequency of the structure. Although for a singledegree-of-freedom system, the theoretical description presented in section ''Theoretical description'' supports this observation. The sideband amplitudes in equation (7) are a direct function of the natural frequency v 0 and will increase when the carrier frequency approaches this resonance frequency.
In the experimental situation, the high modal density causes the frequencies of the carrier and its sideband components to coincide with different modes, as illustrated in Figure 16 . This can lead to an unequal distribution of sideband amplitudes around the carrier as shown in Figure 7 (b), but can also cause phase deviations between the different harmonic components. Consequently, the spectral effects introduced by the underlying dynamic behavior affect the amplitude and phase of the amplitude modulation for each selected carrier frequency, as shown in Figure 15 (b), but also for each measurement point, as shown in Figure 12 . The variations in the phase of the amplitude modulation distributions shown in the previous section are inherently expected to be a result of the underlying spectral response of the damaged structure, which are intensified by the high modal density and the spatial variability of the complex wave field.
Conclusion and future prospects
The objective of this research was to analyze whether the VAM method can be utilized to detect the presence, localize, and estimate the size of impact damage in a composite skin-stiffener structure. The work further aimed to obtain a better understanding of the modulation phenomena. VAM experiments were performed by simultaneously applying a low-frequency pump signal and a higher frequency carrier excitation signal. The instantaneous amplitude and frequency of the carrier velocity responses were extracted to analyze the nonlinear intermodulation effects between the responses of these two excitation signals in the time domain at multiple spatial locations.
Increased amplitude modulations at the damaged region revealed the presence, location, and length of the skin-stiffener damage. The damage hardly modulated the frequency of the carrier response. This difference in behavior was attributed to the nonlinear skinstiffener interaction introduced by the periodic opening and closing of the damage according to earlier research by authors on the same structure. The dominant frequency of the amplitude modulation patterns matched the pump excitation frequency, whereas the phase of the modulation behavior varied between the different measurement points.
A parametric study shows that the amplitude and phase of the amplitude modulation are dependent on the selection of the carrier excitation frequency, and hence the high-frequency wave field that is introduced. The high modal density causes the frequency of each harmonic component of the modulated response (i.e. carrier and sidebands) to coincide with a different dynamic system behavior. The modulations in the carrier response signal will consequently vary in amplitude and phase. The phase variations in the amplitude modulation distributions are therefore expected to be the combined result of the high modal density and its spatial variability.
This study demonstrates the potential of the VAMbased damage identification approach in the time domain. A traditional analysis purely based on sideband amplitudes in the frequency domain does not allow for a separation between amplitude and frequency modulation effects. Moreover, the sharp sideband peaks combined with a frequency resolution make it difficult to obtain an accurate estimation of the amplitude. This inherently complicates the understanding of the measured modulation phenomena. 
